Abstract: China's grain production has transformed from absolute shortage to a current structural oversupply. High-intensity production introduced further challenges for the eco-environment, smallholder livelihood, and the man-land interrelationship. Driven by urban-rural transformation, research on food security patterns and grain production has expanded into a new field. To analyze the challenges and required countermeasures for China's grain production system (GPS), this study constructed a theoretical GPS framework based on space resilience. Firstly, a new GPS concept was proposed and a functional system was established for protecting the regional food security, thus guaranteeing smallholder livelihood, stabilizing urban-rural transformation, and sustaining the eco-environment in terms of economic, social, and ecological attributes of the GPS. Secondly, based on a cross-scale interaction analysis that varied from a smallholder scale to a global scale, the systematic crisis of the GPS was analyzed. Thirdly, a cross-scale analytic framework of the GPS was formed from the perspective of spatial resilience, integrating both inner and external disturbance factors of the GPS. Both spatial heterogeneity and connectivity of internal and external disturbance factors are important contents of system space resilience. Finally, the hierarchy of spatial resilience of GPS became clear. The transformation of labor force and the land use transition form key thresholds of the GPS. In summary: based on protecting the basic functions of the GPS, the cross-scale effect of systematic disturbance factors and relevant countermeasures for spatial resilience are effectively influenced by the coordination of the interests of multiple stakeholders; spatial resilience is an effective analytical tool for GPS regulation, providing a reference for revealing the inherent mechanism and functional evolution of the GPS in the process of urban-rural transformation.
Introduction
The strong contrast between the large population and limited available land resources creates a significant challenge for China's food security [1, 2] . In 2014, total grain production amounted to 557 million tons and the per capita grain possession was 408.58 kg (Figure 1 ). In a global comparison for the same interval, the total grain production and per capita grain possession were 2818 million the same interval, the total grain production and per capita grain possession were 2818 million tons and 387.74 kg, respectively (https://data.worldbank.org.cn) [3] . The proportion of China's grain production, compared to the total grain produced globally, stabilized at a level of approximately 20%. This indicates that China has achieved significant achievements in guaranteeing grain self-sufficiency and in ensuring the absolute safety of rations [4] . Even if a small amount of imported grain has not been taken into consideration, China can still meet its enormous grain demand. In some ways, the current grain production, in fact, appears to be a structural oversupply [5] . Changes in the dietary and consumption structures of urban-rural residents in the process of urbanization resulted in a decline of the grain demand and an increased requirement for quality [6, 7] . Therefore, protecting food security should focus not only on production, but also on retail and consumption [8, 9] . In conclusion, research on food security in China has stepped into a completely new field and category [10, 11] . Furthermore, statistics about per capita water and land resources and other limiting factors should be investigated, as should issues regarding resources and the environment caused by high-intensity grain production. During 2014, China's per capita farmland area was 0.08 ha, which was only 40% of the world average level [12] . In addition, farmland owned by smallholders mostly consisted of small-scale and dispersed paddy fields, of which 60% were below 0.1 ha in size [13] . In 2012, the per capita water resources were only 2000 m³, which is equivalent to 32% of the world level. Nevertheless, agricultural water consumption depleted nearly 70% of the total available water resources [14] . Resulting from a considerable limitation of natural resources, the high grain production of China mainly depends on an increase of per unit area grain yield. China's farmland productivity has increased from 2802 kg/ha to 5520 kg/ha in the years from 1990 to 2010, which ranked 16th around the world (the global average is 3564 kg/ha) in 2010 [15] . As for the basic prerequisites, high intensity and density input jointly contributed to an increase of farmland productivity. Using chemical fertilizer input as an example, the per hectare farmland input has increased by 50% from 2002 to 2014, amounting to 565.26 kg/ha, which was much higher than the average of 138.04 kg/ha for other countries (ranking 11th in comparison to the world). Chemical fertilizer input per hectare of farmland in China was about four times that of the global average level, 4.1 times that of America, and 2.3 times that of Japan ( Figure 2 ). Moreover, recent decades have witnessed a tremendous growth of pesticide input [16] , agricultural machinery utilization, and irrigation proportion [17] . China's grain production in the total of the World (%) Figure 1 . Basic pattern of the Chinese grain production. Data Source: [3] .
Furthermore, statistics about per capita water and land resources and other limiting factors should be investigated, as should issues regarding resources and the environment caused by high-intensity grain production. During 2014, China's per capita farmland area was 0.08 ha, which was only 40% of the world average level [12] . In addition, farmland owned by smallholders mostly consisted of small-scale and dispersed paddy fields, of which 60% were below 0.1 ha in size [13] . In 2012, the per capita water resources were only 2000 m 3 , which is equivalent to 32% of the world level. Nevertheless, agricultural water consumption depleted nearly 70% of the total available water resources [14] . Resulting from a considerable limitation of natural resources, the high grain production of China mainly depends on an increase of per unit area grain yield. China's farmland productivity has increased from 2802 kg/ha to 5520 kg/ha in the years from 1990 to 2010, which ranked 16th around the world (the global average is 3564 kg/ha) in 2010 [15] . As for the basic prerequisites, high intensity and density input jointly contributed to an increase of farmland productivity. Using chemical fertilizer input as an example, the per hectare farmland input has increased by 50% from 2002 to 2014, amounting to 565.26 kg/ha, which was much higher than the average of 138.04 kg/ha for other countries (ranking 11th in comparison to the world). Chemical fertilizer input per hectare of farmland in China was about four times that of the global average level, 4.1 times that of America, and 2.3 times that of Japan ( Figure 2 ). Moreover, recent decades have witnessed a tremendous growth of pesticide input [16] , agricultural machinery utilization, and irrigation proportion [17] . Severe eco-environmental issues have been caused by high-intensity grain production and these require an urgent structural transformation of the grain production status [18, 19] . Relevant research revealed that China's carbon footprint is higher than that of America and Japan. In 2013, the carbon footprints of corn, wheat, and paddy were 4052 kg·ce/ha, 5455 kg·ce/ha, and 11881 kg·ce/ha, respectively, which mostly originated from the overuse of nitrogenous fertilizers, straw burning, and fuel consumption by agricultural machinery [20] . The carbon footprint as a result of the process of grain production and consumption occupied 70% of the total carbon footprint in China and is closely related to excessive chemical fertilizer input [21] . Research indicated that the super scale of nitrogenous fertilizer input amounts to 50 kg/ha [22] . At the same time, soil acidification [23] and soil pollution [24] triggered by the overuse of chemical fertilizers threatens sustainable soil use. Moreover, large-scale irrigation, which strongly depends on underground water in northern China, has resulted in the continuous decline of the groundwater level and has caused land subsidence [25] .
High-intensity intensification not only results in high production, but also in high cost and low income. This intensive mode of grain production leads to agricultural involution rather than increasing the benefit for smallholders [26, 27] . In other words, the already marginal benefit brought by agricultural activities gradually declines with the further increase of additional input (i.e., agricultural involution) [28] . Consequently, the income decline of grain-producing smallholders, decreased the attractiveness of grain production, part-time farming, and inefficient utilization of farmland continuously aggravated the situation [29] . Under this situation, some scholars have argued that large-scale production, reducing agricultural labor, promoting farmland circulation, and de-peasantization may be appropriate choices for China's grain production [30] . However, others have suggested that preventing threats to the food security [31] and social stability caused by land grabbing are essential [32] , and have consequently proposed a policy vision that guarantees food sovereignty and peasant rights [33, 34] .
The concept of "resilience" refers to the system capacity of resisting disturbance and has mainly been applied to engineering and ecology [35] . With its application to different disciplines to the research of social-ecological systems, in particular, it has greatly influenced global momentous scientific issues [36, 37] . Currently, 15 global Non-Governmental Organizations (NGOs) regard "resilience" as their main project objective [38] . Research on resilience related to grain production has vastly increased, such as agricultural system resilience [39] , food system resilience [40] , and smallholder livelihood resilience [41] . All of these achievements will contribute to research on grain production resilience. Severe eco-environmental issues have been caused by high-intensity grain production and these require an urgent structural transformation of the grain production status [18, 19] . Relevant research revealed that China's carbon footprint is higher than that of America and Japan. In 2013, the carbon footprints of corn, wheat, and paddy were 4052 kg·ce/ha, 5455 kg·ce/ha, and 11881 kg·ce/ha, respectively, which mostly originated from the overuse of nitrogenous fertilizers, straw burning, and fuel consumption by agricultural machinery [20] . The carbon footprint as a result of the process of grain production and consumption occupied 70% of the total carbon footprint in China and is closely related to excessive chemical fertilizer input [21] . Research indicated that the super scale of nitrogenous fertilizer input amounts to 50 kg/ha [22] . At the same time, soil acidification [23] and soil pollution [24] triggered by the overuse of chemical fertilizers threatens sustainable soil use. Moreover, large-scale irrigation, which strongly depends on underground water in northern China, has resulted in the continuous decline of the groundwater level and has caused land subsidence [25] .
The concept of "resilience" refers to the system capacity of resisting disturbance and has mainly been applied to engineering and ecology [35] . With its application to different disciplines to the research of social-ecological systems, in particular, it has greatly influenced global momentous scientific issues [36, 37] . Currently, 15 global Non-Governmental Organizations (NGOs) regard "resilience" as their main project objective [38] . Research on resilience related to grain production has vastly increased, such as agricultural system resilience [39] , food system resilience [40] , and smallholder livelihood resilience [41] . All of these achievements will contribute to research on grain production resilience. From the aforementioned analysis, we can draw the conclusion that China's grain production conditions offer profound potential for both transformation and crisis whether analyzed from the perspective of a comparison between the domestic and international environments, the transition and evolution patterns of inner key elements [11, 42] , or the opinion divergence regarding the future mode of development of China's grain production modes between different scholars. Both opportunities and challenges of the required grain production transformation create appropriate conditions for the optimization of China's grain production pattern. The challenges of environmental protection surrounding the intensification mode of grain production have aroused widespread concern within the whole of society. The transformation of internal and external conditions for grain production has deeply changed. If we can make good use of these opportunities, it will improve the plight of smallholder agricultural production in China. However, the current research on grain production in China still mainly focuses on influential factors, which cannot effectively explain the complex system structures of grain production activities. Under the background of urban-rural transformation and development, a socio-economic development transformation process due to rapid urbanization and industrialization affected by the traditional dual urban-rural structure of China, profound changes have taken place in the status and pattern of Chinese grain production. However, little effective research has been conducted on how to effectively deal with various systemic crises and challenges for China's grain production strategy during this vital transitional period. An effective analysis of the challenges and opportunities of China's grain production activities will create conditions that are supportive for safeguarding food security and for coordinating the urban and rural development during the new period.
Based on the above analysis, this study focused on systematic thinking to investigate the challenges of China's grain production, and to provide a useful reference for optimizing grain production activities. This study addressed the following aspects: (1) Based on the concept and connotation of the grain production system (GPS), the main influencing factors, core functions, and cross-scale internal structure of the GPS were analyzed. (2) Using the cross-scale interaction effect, spatial heterogeneity, and connectivity of internal and external disturbance factors, a spatial resilience analysis framework of the GPS has been constructed. (3) By analyzing the hierarchical structure, key thresholds, and system functions of spatial resilience of the GPS, a conceptual framework for optimizing the spatial resilience of China's GPS has been established. Therefore, this study will help to analyze the systemic crisis faced by the GPS during the rapid transition period and provide practical guidance for the optimization of the spatial resilience of the GPS. In addition, the introduction of spatially resilient thinking into the research field of agricultural production provides a useful reference for the further deepening of the research methods of human geography, especially for the research of modern agricultural geography.
The Concept and Connotation of the GPS
The transformation of China's GPS is inseparable from the history of agricultural development and the man-land interrelations under the background of urban-rural transformation. To better guide the grain production while coordinating the dilemma in the process of grain production transformation, this paper introduces the concept of the GPS. Here, the GPS is defined as a dynamic and sustainable complex system [42] , supported by the eco-environment and the prevailing socio-economic conditions. This complex system ensures regional food security [43] , provides smallholder livelihood security [41] , and coordinates the urban-rural transformation as well as other basic functions [44] . The GPS is formed under the macroscopic background of both the socio-economic and socio-ecologic environments, which contain economic-social-ecological multiple attributes with a series of human activities.
Multiple Attributes of the GPS
The concept of the GPS is a complex system with economic, social, and ecological attributes ( Figure 3 ). Economic attributes represent value attributes that can be exchanged for the grain production process and its products, and thus form the inherent attributes of the grain production process [45] . At the same time, the smallholder grain production pattern of China fundamentally differs from that of developed countries in its large-scale mechanized grain production pattern, due to the tense patterns of the man-land interrelations of China [11] . Therefore, the social attributes of the GPS represent a social security function for smallholders [46] , which forms a strong commitment to the majority livelihood sources of the rural population [46] .
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Multi-Dimensional Functions of the GPS
Its complex structure and multiple attribute characteristics determine the multi-dimensional functional system of the GPS. Furthermore, adequate food supplies and better food security level create the conditions for the multi-functionality of the GPS. Firstly, the GPS includes the functions of ensuring food security and providing high-quality food products. In addition to the basic nutritional requirements of food [43] , the demand for high-quality food products is further increasing. Consequently, food security and quality food supply constitute basic functions of the GPS [6] . Corresponding to multiple attributes of the GPS, this function is a combination of economic, social, and ecological attributes ( Figure 4) .
Moreover, the function of the GPS to maintain smallholder livelihood, while protecting their fair status corresponds to the social attribute of the GPS. The smallholder livelihood framework under the concept of the GPS refers to the diversification of agricultural production and income sources to maintain the regional ecological balance [49, 50] . At the same time, both a stable and a reasonable nutritional structure, assimilation into the rural markets and agricultural industry systems, and the enjoyment of equal and reasonable national status are also important for smallholder livelihoods [41, 51] .
Under the background of the urban-rural transformation development of China, the function of the GPS to guarantee an effective economic development and stable social transformation forms the specific embodiment of the economic and social attributes of the system [11, 52] . Therefore, accompanied by the simultaneous transformation of the GPS and the urban-rural transformation, the process that coordinates the urban-rural development is closely related to the GPS [7] . The stable transformation of the GPS provides a guarantee for the urban-rural transformation, and furthermore creates an optimal space and regulation opportunity for the government. 
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The sustainability of the eco-environment corresponds to the ecological attributes of the GPS, reflecting the ecological trends of GPS transformation. The sustainable development of the eco-environment is the embodiment of system function and forms the foundation of the GPS [18] . Leaving ecosystem stability intact, the GPS is hard to preserve, the ecological crisis continues to develop, and the value of ecosystem services gradually declines [53] . At present, new forms of grain production, such as organic agriculture [54] and sustainable intensification agriculture [55] are emerging as a returning signal of the ecological attributes, thus reflecting the important function of sustainable of eco-environment for the GPS. The sustainability of the eco-environment corresponds to the ecological attributes of the GPS, reflecting the ecological trends of GPS transformation. The sustainable development of the eco-environment is the embodiment of system function and forms the foundation of the GPS [18] . Leaving ecosystem stability intact, the GPS is hard to preserve, the ecological crisis continues to develop, and the value of ecosystem services gradually declines [53] . At present, new forms of grain production, such as organic agriculture [54] and sustainable intensification agriculture [55] are emerging as a returning signal of the ecological attributes, thus reflecting the important function of sustainable of eco-environment for the GPS.
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Cross-Scale Hierarchical Structure of the GPS
The complex system of grain production has distinct cross-scale hierarchical features. This complex system is characterized by a hierarchical structure, and the potential interaction between different scales and processes may be mutually enhanced or undermined. The matching pattern between functionality and the constituent elements (i.e., the number and nature of system elements) is profoundly dependent on scale changes within the system [56] . In combination with the cross-scale connection of system elements [57] , we developed the cross-scale operation mechanism and mode of the GPS. This is based on the interaction of the system structure among its economic, social, and ecological attributes [58] .
Both smallholder and local scale are the underlying structures of grain production and both are influenced by upper-hierarchical system structures such as national grain production policies [59] , fluctuations on international grain markets [60] , and global climate change [61, 62] . Similarly, upper-hierarchical structural changes are also affected by changes within the grass-roots scale. For example, the improvement of the employment structure of smallholders and their urban-rural migration characteristics [63] impacted the urban-rural structure [7] ; the ability of smallholders to cope with natural disasters may affect international agricultural trade negotiations [64, 65] . In addition, internal differentiation of farmers also changes the structure of local scales. The total number of farmers in China is about 180 million, who utilize 87 million ha of farmland, which amounts to a per household farmland area of only 0.1 ha. At the end of 2015, 31 million ha of this farmland had been transferred, accounting for 35.1% of the total farmland under contract [13] . Although new agricultural management entities (such as family farms) continue to emerge, the 
Both smallholder and local scale are the underlying structures of grain production and both are influenced by upper-hierarchical system structures such as national grain production policies [59] , fluctuations on international grain markets [60] , and global climate change [61, 62] . Similarly, upper-hierarchical structural changes are also affected by changes within the grass-roots scale. For example, the improvement of the employment structure of smallholders and their urban-rural migration characteristics [63] impacted the urban-rural structure [7] ; the ability of smallholders to cope with natural disasters may affect international agricultural trade negotiations [64, 65] . In addition, internal differentiation of farmers also changes the structure of local scales. The total number of farmers in China is about 180 million, who utilize 87 million ha of farmland, which amounts to a per household farmland area of only 0.1 ha. At the end of 2015, 31 million ha of this farmland had been transferred, accounting for 35.1% of the total farmland under contract [13] . Although new agricultural management entities (such as family farms) continue to emerge, the decentralized mode of smallholder agriculture still occupies the core position of grain production and its organization mode. The mode of agricultural production at the local scale is closely related to the agricultural policy at both regional and national scale. Therefore, the cross-scale hierarchical structure of the GPS is a complex and changeable system. Within the hierarchical model, the degree of connectivity determines the resilience of the grain production response to the crisis, which will be discussed in the spatial resilience of the GPS ( Figure 5 ).
Sustainability 2017, 9, 2340 7 of 21 decentralized mode of smallholder agriculture still occupies the core position of grain production and its organization mode. The mode of agricultural production at the local scale is closely related to the agricultural policy at both regional and national scale. Therefore, the cross-scale hierarchical structure of the GPS is a complex and changeable system. Within the hierarchical model, the degree of connectivity determines the resilience of the grain production response to the crisis, which will be discussed in the spatial resilience of the GPS ( Figure 5 ).
Smallholder and Local Scale
Regional and National Scale 
Spatial Resilience of the GPS

The Framework for the Spatial Resilience of the GPS
The theory of resilience has had continuous breakthroughs in different disciplines. At present, both the connection and decentralization of system elements, the system dynamics theory [66] , the social network theory [67] , the environmental gradient theory [68] , and the spatial heterogeneity of system elements have all achieved important developments for resilience research. However, scholars become increasingly aware of the importance of spatio-temporal scales within resilience dynamics [69] . Facing such a complex system of multi-source perturbation and cross-scale network connection systems, resilience analyses from local data and case studies have found it difficult to reveal the real structure of the system. Therefore, the dynamic spatial resilience became an effective analytic tool for this complex system, which can explain spatial linkages at multiple scales of the system disturbance. Spatial resilience is a dynamic concept not only applying to our understanding of ecosystem resilience, but also furthering our understanding of the transformation of socio-economic systems [35] .
In this study, the dynamic spatial resilience of the GPS has been defined as the ability and way of spatial variation (both internal and external disturbance factors of the system, including spatial position, spatial distribution, and spatial environment), influencing (and is influenced by) the resilience of the system across multiple spatial and temporal scales [70] . The main internal disturbance factors that affect this dynamic spatial resilience include the spatial variations of the system element and their interactions. Furthermore, the spatial attributes of the system can affect the trajectories for change within the system. Therefore, the spatially related system attributes of the GPS (e.g., the system size, shape, and number) are also important components of internal disturbance factors. The main external disturbance factors of dynamic spatial resilience are the cross-scale spatial environment (e.g., the urban-rural transformation), spatial connectivity, and spatially driven feedback under a dynamic spatial perspective. 
Spatial Resilience of the GPS
The Framework for the Spatial Resilience of the GPS
In this study, the dynamic spatial resilience of the GPS has been defined as the ability and way of spatial variation (both internal and external disturbance factors of the system, including spatial position, spatial distribution, and spatial environment), influencing (and is influenced by) the resilience of the system across multiple spatial and temporal scales [70] . The main internal disturbance factors that affect this dynamic spatial resilience include the spatial variations of the system element and their interactions. Furthermore, the spatial attributes of the system can affect the trajectories for change within the system. Therefore, the spatially related system attributes of the GPS (e.g., the system size, shape, and number) are also important components of internal disturbance factors. The main external
disturbance factors of dynamic spatial resilience are the cross-scale spatial environment (e.g., the urban-rural transformation), spatial connectivity, and spatially driven feedback under a dynamic spatial perspective.
The spatial resilience of the GPS, as a subset of system resilience, focuses on the process of the system on multiple spatial and temporal scales [71] . The spatial resilience integrates the spatial arrangement of system elements (e.g., smallholder farmers and rural communities) and the interaction between these. Under the interaction of different elements via horizontal and vertical connections, spatial resilience can be used to analyze a simple interaction between two elements as well as complex analyses including network structure analysis, hierarchical analysis, and other spatial dynamic global systems between different elements [69] . Using the spatial resilience method to construct a theoretical framework for GPS transformation is an effective tool to detect different hierarchies of disturbance factors via cross-scale system analysis. Consequently, via effective analysis of system spatial resilience, an optimization strategy for GPS transformation can be provided.
Internal Disturbance Factors of Spatial Resilience
The internal disturbance factors of the GPS mainly include spatio-temporal processes of the key elements (including subsystems of the GPS) and their interactions. The spatial resilience of the GPS depends on the cross spatio-temporal scale influence of the internal disturbance factors; i.e., the spatial resilience of the system is derived from the resilience change effect of its key elements. System elements that are directly related to the GPS include the agricultural labor force [72] , the farmland, agricultural technology, capital, and agricultural policy. The spatial distributions of these elements and their interactions have noticeable effects on the GPS. The spatial distribution of both farmland and labor force directly affects the spatial pattern of the GPS [73] . Technology forms the core element of the modern GPS and its spatial distribution features directly affect the production technology system and level of modernization [74] . In addition, the role of capital in grain production is constantly strengthened [75] , because the spatial difference between spread and flow of capital determines the degree of marketing of grain production in different regions [76] .
In different hierarchies, the interaction between disturbance factors is apparent, while the cross-scale effect of internal disturbance factors on system resilience is also strengthened. The key condition of space resilience is the disturbance influence of internal elements. The cross-scale effect of the internal disturbance factors cannot only change the spatial distribution of the original components of the system, but also change the connection degree of the system, which has a profound impact on the change of the spatial resilience of the GPS. During the process of urban-rural transformation, the employment structure and the spatial distribution of the agricultural labor force have changed dramatically. The agricultural labor force has become an important link, connecting the rural and the urban China on different scales, thus profoundly changing the state of grain production in rural China by realizing a switch between urban and rural China (e.g., information, capital, and technology) [63, 77] . At the same time, changes in the employment structure of the labor force have also converted relevant policies and measures of the national grain production [30] . For example, the proportion of agricultural labor to rural employees has decreased from 84.12% to 60.23% from 1990 to 2010. This transformation of agricultural labor has profoundly changed the cultivation mode of grain in China [72] . During the rural-urban migration of the agricultural labor force, the way and intensity of farmland use have also undergone profound changes due to increasing capital investment per unit area and decreasing labor input [78, 79] . The cross-scale influence of the agricultural labor force in different hierarchies profoundly changed the spatial resilience of the GPS at different spatio-temporal scales.
Rural communities, as the grass-roots organizations of grain production, are an important subsystem of the GPS. The spatio-temporal evolution of rural communities profoundly impacted the GPS transformation and other cross-scale subsystems [80] . During the stage of traditional smallholder farming, the rural community is an important supporter of grain production organization and management. During the urban-rural transformation [11] , the weakening organization functions of the rural community profoundly affected the mode of operation of the GPS (e.g., the organization of agricultural extension technology systems and the weakening function of organization smallholder farmers), thus changing the spatial resilience of the system [81] . In addition, the spatio-temporal evolution of the rural social organization system has affected the functions of other subsystems (e.g., the rural market system and the agricultural policy extension system) [82, 83] . At present, the ability of smallholder farmers to cope with the current crisis is weakening, and the spatial resilience of the GPS is decreasing.
External Disturbance Factors of Spatial Resilience
The external disturbance factors of the system spatial resilience refer to the spatial environment around the system that influences the GPS, while also inducing a spatio-temporal evolution of the spatial environment as well as a spatial effect [70] . The transformation of the GPS and the change of the system spatial resilience are the epitome of social transformation. Therefore, all disturbances of the transformation of the social environment will also profoundly impact grain production.
The urbanization process is the most important external spatial environment of the GPS and profoundly affects its spatial resilience [7, 84] . Firstly, urbanization poses an important problem for the spatio-temporal patterns of the component elements within the GPS, such as rural-urban population migration, changes of farmland use patterns, the urban-rural circulation of capital, and the extension of modern knowledge and technology [85] . Between 1990 and 2015, the urbanization rate of China has increased from 26.41% to 56.10% [11] . The urban-rural population living patterns have undergone fundamental changes that led to the urban population surpassing the rural population. Furthermore, 280 million migrants still remain in 2015, most of which migrate to the cities from the rural grain production departments finding hope for employment opportunities. As an important external disturbance factor to the GPS, urbanization has profoundly changed the pattern of grain production in China. In addition, the emergence of new forms of grain production (e.g., urban agriculture, leisure agriculture, and ecological agriculture) [86] and the changes of the food consumption structure (reduced cereal demand and increased meat consumption) affect the spatial resilience of the GPS during the process of urbanization [6, 48] .
The spatio-temporal evolution of the other spatial environments associated with the GPS and associated spatial effects also led to changes in system spatial resilience. Other departments of the agricultural system, such as the grain processing industry, the logistics system, and the retail industry affect the spatial resilience of the GPS. By developing both food processing and retail industry, smallholder farmers can easily access the food sources and reduce the proportion of self-sufficient grain production [14] . In addition, globalization and global environmental changes have also had an important impact on the spatial resilience of the GPS at different scales. Higher dependency on foreign grain products leads to the lower resilience of the domestic GPS [60] . Moreover, grain production is affected by climate change, and one-third of all fluctuations of global grain production can be attributed to climatic factors [61] .
Cross-Scale Analysis of the Internal and External Disturbance Factors of Spatial Resilience
Cross-Scale Action of Internal and External Disturbance of Spatial Resilience
To reorganize the effects of internal and external disturbance factors on the GPS at cross spatio-temporal scales, we constructed a spatial resilience cross-scale disturbance model for the GPS based on three spatial scales and three temporal scales. Table 1 shows the effects of the utilized internal and external disturbance factors from a short time scale (weekly-monthly), a medium time scale (monthly-yearly), and a long time scale (yearly-decade), combined with three spatial scales (from local to global). These factors may not coexist within the same regions, and disturbances from different spatial and temporal scales do not remain fragmented, but communicate and interact with each other instead [48, 87] . All factors that affect the spatial resilience of the GPS across the spatio-temporal scale include both the spatial response of the smallholders and the comprehensive response at the national or global scale, as well as ranging from a short time scale to a long time scale. The cross-scale linkage between internal and external disturbance factors provides the foundation for the further analysis of the spatial resilience of the GPS. 
Spatial Heterogeneity of Disturbance Factors
Spatial heterogeneity is the inherent attribute of a system and the spatial heterogeneity of the human society and the interaction between humans and the ecosystem are widely recognized [90] . Since the system scale effect is an important part of spatial resilience, it affects the internal structure and function of the system [91] . Therefore, the spatial heterogeneity of the GPS provides a central description and quantification of the disturbance of this system at cross spatio-temporal scales [69] , and thus determines the change of spatial resilience. The spatial heterogeneity of the GPS mainly includes the heterogeneity of the behavior of the smallholder, the spatio-temporal evolution of the production mode and livelihood system of the smallholder [80] , and the spatial differences of the operating mechanism of rural communities [2] . In addition, spatio-temporal differences of farmland quality and distribution, spatial heterogeneity pattern of the regional man-land interrelationship and grain production policy [92] , and a different spatial feedback of system disturbance also profoundly impact spatial resilience [7] . The heterogeneity of regional natural location conditions and stages of socio-economic development are important factors that shape the regional spatial resilience of the GPS. A recent study has reported the existence of three significant coupling types between agricultural labor force change and grain production [72] . Regional and spatial heterogeneity are essential attributes of the system, while also profoundly impacting the spatial resilience of the GPS. Therefore, spatial heterogeneity significantly impacts both internal and external disturbance factors, and thus changes the spatial resilience of the system.
Connectivity of Disturbance Factors
The influences of internal and external disturbance factors as well as their cross-scale spatio-temporal processes on the spatial resilience of the system depend on their connectivity structure and intensity [93, 94] . A high level of connectivity can promote recovery functions after disturbance and stimulate social transformation. The spatial adjacency effect, which forms the first law of geography [95] , shows that both the interconnection and interaction of geospatial elements pose an important influence on the operation of a system. Under the cross-scale model, new research perspectives (e.g., space of flow) provide new methods for analysis of information and material connectivity [96] .
The connectivity of the GPS should not only consider the connection between the internal elements of the system, but also the connectivity between internal and external system environments. The cross-scale migration of agricultural labor during urbanization is an important factor for connectivity change [11] . In addition, the improvement of the transport infrastructure further improves cross-scale connectivity. In the information age, network and the "space of flow" became powerful tools for increasing connectivity across spatio-temporal scales. Due to globalization, the connectivity and international trade between different countries are increasing [60] . In addition, the connectivity model between internal and external system environments have also undergone important changes: from regional to network [71] , from single hierarchy to cross spatio-temporal, from substance to information, and from simple to complex.
During the process of urbanization, not all changes of connectivity are conducive to the improvement of the spatial resilience of the GPS. Under the improved connectivity of market and information, smallholder farmers will reduce the diversity of agricultural production to obtain more benefits by using more pesticides and chemical fertilizers. It is apparent that these actions will decrease the spatial resilience of the GPS [23] . At the same time, the weakening relationship between smallholder farmers and the social organization in the social governance system [97] (which reduce the social network connectivity) pose greater challenges to social stability and social governance. For example, both weakening and feminization of the grain-producing workforce is widespread. The cross-scale rural-urban migration of smallholders has led to a reduction of the internal connectivity of households and the connectivity among households. This transformation connectivity changed the livelihood system of smallholder and thus altered the spatial resilience of the GPS.
Optimization Strategy of Spatial Resilience for the GPS
The Hierarchical Structure of Spatial Resilience
The spatial heterogeneity and connectivity of the interaction between internal and external disturbances of the system create the multi-hierarchical spatial resilience structure of the GPS. The hierarchical structure of spatial resilience indicates that the spatial regulation policy should prioritize matching the system crisis. However, a mismatch between the spatial regulation policy and spatial resilience will weaken the resilience of the system [98] . The hierarchical structure of the spatial resilience corresponds with the division of the spatial scale, which forms the spatial-temporal evolution pattern of the three hierarchies of spatial resilience.
The spatial resilience of the smallholder scale is influenced by both the national scale and the global scale, and can thus reflect the change of the spatial resilience of the smallholder livelihood [99] . The spatial resilience at the national scale is influenced by the national system, which cannot separate between the local scale and the global scale. On this scale, the spatial resilience of both food security and economic development of the GPS can be concentrated. The resilience of the global scale relies on resilience changes in various countries, and therefore has a macro impact on the resilience of each country [100] . Consequently, it is necessary to find a reasonable hierarchy that corresponds to a change of the spatial resilience of the four dimensions functions in different regions, to better understand the change of the spatial resilience of the system as well as its underlying significance (Figure 6 ). security and economic development of the GPS can be concentrated. The resilience of the global scale relies on resilience changes in various countries, and therefore has a macro impact on the resilience of each country [100] . Consequently, it is necessary to find a reasonable hierarchy that corresponds to a change of the spatial resilience of the four dimensions functions in different regions, to better understand the change of the spatial resilience of the system as well as its underlying significance (Figure 6 ).
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Key Thresholds of Spatial Resilience
By judging the system identity in the process of GPS transformation and by comprehensively judging the macroscopic background of the man-land interrelationship, agricultural labor force and land use become key elements of China's GPS, since they embody the cross-scale effect of the system disturbance factors and play a key role in the spatial resilience of the GPS [101] . Therefore, the transformation of the agricultural labor force and the land use transition, accompanied by spatio-temporal changes of their internal structure, become the key threshold of the space resilience of the GPS. The key threshold for the transformation of the agricultural labor force is the number and structural change of the agricultural labor force [63, 102] . The "Lewis Turning Point", which explains the relationship between agricultural labor transformation and supply of agricultural products under the urban-rural dual structure [103] , has also become a key threshold. Moreover, the transformation of the livelihood structure of smallholders, which is closely related to the functions of smallholder's livelihoods as well as food security dimension functions, naturally became a key threshold for system transformation [72] .
Many people, little land, and lack in reserve resources, as well as other congenital conditions, determined the important position of land use transition in the spatial resilience of the GPS [12] . The land use transition, which is closely related to the transformation of the GPS, mainly involves the transition of both dominant and recessive morphologies of farmland [92] , and the relationship between different types of land use. The amount of per capita farmland has become an important referencing index, directly reflecting the overall pattern of the "man-land relationship" at local and smallholder scale, and is also an important influencing factor of the spatial resilience of the GPS [1, 2] . Under the background of rural-urban migration, the transition of the recessive morphology of farmland use (including the circulation proportion, the non-agricultural proportion, the non-grain proportion) has gradually been highlighted [104] . In addition, the relationships between farmland transition and other land use patterns (such as the relationship between forest transition and farmland transition) are key factors for the transformation of the system (Figure 7) .
The transformation of the agricultural labor force and the transition of land use morphology provide an important reference threshold for GPS transformation. Since spatial heterogeneity and connectivity cause significant differences among internal and external disturbance factors, these key thresholds supply an important system of threshold indicators for both judgment and predictive research of system spatial resilience. 
Optimization Strategy of Spatial Resilience
Regulation of the spatial resilience of GPS is based on the system operating mechanism and optimizes the resilience capacity when the system is facing disturbances. The spatial resilience of the GPS has been derived from the cross-scale effect of internal and external disturbance factors, and spatial heterogeneity and connectivity influence the system spatial resilience at different temporal and spatial scales [69] . Direct results of spatial resilience have been embodied in the changes of the four dimensions function of the system; i.e., the livelihood and fairness of smallholders, food security and high-quality food products, stable urban-rural transformation, and a sustainable eco-environment. In light of the systemic crisis caused by disturbance, relevant stakeholders can influence both internal and external disturbance factors by optimizing their spatial feedback ability [92, 105] and spatial adaptable ability of the system, to optimize the spatial resilience of the entire system.
Under the cross-scale effect of the disturbance factors, different stakeholders are also corresponding to different hierarchies; consequently, optimizing the system spatial resilience from matching hierarchical measures, may cause a multiplier effect. The optimization strategy of spatial resilience at both transnational and global scales, includes highlighting the cooperation of cross-border international organizations [106] , building and promoting awareness of the global environmental crisis, and coping with the existing global framework for grain security cooperation [107] . The national scale is the main regulatory scope of spatial resilience. In light of the possible loss of function of the GPS, a grain production policy that guarantees both national food security and livelihood of the smallholder has been introduced [72] . To protect the resilience of the smallholder, as the most vulnerable part of the GPS, the commonly used peasant livelihood security measures system has been introduced, thus increasing the diversity of smallholder's livelihoods, strengthening the spatial and temporal connectivity [37] , and avoiding the vicious circle of poverty [37] .
Since different stakeholder hierarchies have different abilities to deal with system crisis, we should meet the requirements of different stakeholders via cross-scale community management. Community-based resource management has the effective ability to further collaboration among remote and local stakeholders at different scales [108] . The regulation of system spatial resilience at the smallholder scale critically depends on substantial coordination, supported by local and higher hierarchies, as well as continuously improving financial and administrative assistance [109] . Therefore, it is more important to establish a cross-scale common connectivity mechanism, which is effectively validating the resilience assessment in different regions [40, 110] .
It is possible to establish a cross-scale spatial connection mechanism according to the four dimensions functional system, and effectively realize the envisioned optimization goal of the spatial resilience via cross-scale structure. Figure 8 establishes a conceptual model for the regulation of the spatial resilience of the GPS with the goal of optimizing the functioning of the system. The model 
It is possible to establish a cross-scale spatial connection mechanism according to the four dimensions functional system, and effectively realize the envisioned optimization goal of the spatial resilience via cross-scale structure. Figure 8 establishes a conceptual model for the regulation of the spatial resilience of the GPS with the goal of optimizing the functioning of the system. The model consists of three main parts, the upper part of cross-scale interaction of disturbances, the middle part of system functional change, and the lower part of the difference hierarchies interaction of different stakeholders. The upper part reflects the comprehensive impact of the internal and external disturbance for the spatial resilience of GPS, combining both spatial heterogeneity and connectivity of disturbance factors, which pose a comprehensive impact on spatial resilience and the function of different dimensions of the GPS. Regulating the food security dimensions spatial resilience, the internal connection needs to be established from the smallholder to the different hierarchies management, and different scales of stakeholders' connectivity need to be achieved via technical development, market control measures, and system control measures [4] . The regulations of the spatial resilience about smallholder livelihoods are difficult to rely on at smallholder scale. Therefore, to achieve self-improvement, we need to use the existing mature smallholder livelihood security system to integrate cross-scale protection [99] . The spatial resilience of the urban-rural transformation mainly relies on the improvement of the self-learning ability of stakeholders on different scales of the system, while constantly improving the regulation of market factors in the GPS. The control of spatial resilience of the eco-environment sustainability mainly depends on the awakening of the environmental consciousness when the system faces a significant crisis [53] . consists of three main parts, the upper part of cross-scale interaction of disturbances, the middle part of system functional change, and the lower part of the difference hierarchies interaction of different stakeholders. The upper part reflects the comprehensive impact of the internal and external disturbance for the spatial resilience of GPS, combining both spatial heterogeneity and connectivity of disturbance factors, which pose a comprehensive impact on spatial resilience and the function of different dimensions of the GPS. Regulating the food security dimensions spatial resilience, the internal connection needs to be established from the smallholder to the different hierarchies management, and different scales of stakeholders' connectivity need to be achieved via technical development, market control measures, and system control measures [4] . The regulations of the spatial resilience about smallholder livelihoods are difficult to rely on at smallholder scale. Therefore, to achieve self-improvement, we need to use the existing mature smallholder livelihood security system to integrate cross-scale protection [99] . The spatial resilience of the urban-rural transformation mainly relies on the improvement of the self-learning ability of stakeholders on different scales of the system, while constantly improving the regulation of market factors in the GPS. The control of spatial resilience of the eco-environment sustainability mainly depends on the awakening of the environmental consciousness when the system faces a significant crisis [53] . The lower part of the conceptual model mainly includes the optimization of the spatial resilience by different levels of cross-scale participation of stakeholders in the GPS. Different levels of stakeholders correspond to different system functions, such as the coordination of farmers' The lower part of the conceptual model mainly includes the optimization of the spatial resilience by different levels of cross-scale participation of stakeholders in the GPS. Different levels of stakeholders correspond to different system functions, such as the coordination of farmers' benefits on smallholder scale directly with the systematic functions of smallholder livelihood and fairness. Furthermore, different stakeholders have interacted with each other to jointly promote changes within system functions. Therefore, the spatial resilience optimization strategy of the four dimensions function systems is not isolated, and stakeholders at different hierarchies should coordinate in different functional dimensions. In addition, different hierarchical stakeholders influence the action mode and intensity of system disturbance factors through space application and feedback effects. In this way, the spatial resilience of the GPS optimization strategy formed an organic whole (Figure 8 ).
Discussion and Conclusions
Discussion
Under the dual influence of the socio-economic environment and the eco-environment, this paper constructs an analytical framework with the structure and function system of the GPS using the spatial resilience theory. Utilizing both internal and external disturbance factors with their spatial heterogeneity, we built a system of multi-hierarchy connectivity based on crossing the spatio-temporal scale. Aiming to achieve optimal regulation of spatial resilience of the GPS, the optimization strategy based on scale-matching effect and cross-scale connectivity effect has been discussed.
The spatial heterogeneity and connectivity of both internal and external disturbance factors of the GPS determine changes of spatial resilience; therefore, it is possible to effectively control the spatial resilience of the GPS by grasping the changing law of system disturbance factors. At the smallholder scale, effective organization enables smallholders to increase grain production [111] . Strengthening crop nutrition and water management will significantly increase crop yields [112] . Moreover, due to the scientific management of nitrogen fertilizer, grain production can reduce the nitrogen footprint [113] . The integration of organic agriculture and conservation agriculture into the modern GPS [114] can change the traditional mode of grain production [54] and promote a sustainable development of the eco-environment based on the premise of ensuring food security [42] . In response to global climate change, grain production activities urgently have to develop a "Second Green Revolution" represented by breeding technology [115] . The above specific measures show that the structure and functional framework of spatial resilience is useful for providing a top-hierarchy design, thus optimizing the GPS, and enhancing the spatial resilience of the GPS.
The economic, social, and ecological attributes of the GPS determine the optimization of spatial resilience to be closely related to the transformation of the entire society. At the same time, the influence of socio-economic factors (technological development, eco-environmental protection activities, living habits, and fairness awareness of peasants) in grain production continues to thrive. The direction of interaction between grain production and the eco-environment gradually focuses on the well-being of all mankind (especially smallholder farmers) and ecosystem services [47] . A continued "Green Revolution" is a technical prerequisite for ensuring a resilient grain production [89] . To prevent disastrous consequences of land grabbing on the livelihood of smallholder [116] , the key thresholds in the process of agricultural labor force transformation, as well as land use transition, should be thoroughly studied, to effectively improve the early warning capacity of the GPS. In the process of urbanization, human diet and consumption habits have increased the burden to the GPS and the eco-environment. The high-calorie food demand system should be changed [117] and the introduction of a fine management of the food supply system, and an accompanied reduction of food waste has become an important part of the optimization of GPS resilience [8] .
This study investigated the changes of grain production in China via systematic thinking, introduces the spatial resilience analysis tool to comprehensively research the resilience changes of complex systems, and constructs the spatial resilience analysis framework of GPS. The analytical framework effectively identified the internal and external disturbances that affect the GPS as well as their mechanism of action across the spatio-temporal scale. To cope with the crisis and to effectively optimize the space resilience of the GPS, this paper explores the importance of the coordination mechanism among multi-stakeholders. The optimization analytical framework of spatial resilience takes the function of GPS as the core objective and takes the multi-stakeholder spatial feedback effect and space adaptive capacity as important reference indexes. In summary, the cross-scale optimal regulation of the spatial resilience of the GPS provides an effective analytical tool to maintain structural order transition and ensure the overall function of the system. Although a framework for spatial resilience analysis of GPS has been proposed in this paper, few specific case studies on GPS transformation exist. In particular, putting forward specific proposals and optimization measures based on specific case studies will be the focus of the next step. Given the significant differences between China's regions, the operational mechanisms of spatial resilience of GPS are also different. Therefore, targeting different regions of China to optimize the spatial resilience of differentiated GPS will be an important trend for future research.
Conclusions
Under the background of both urban and rural transformation and the man-land interrelationship of China, this study analyzed multiple economic, social, and ecological attributes of the GPS, and constructed the functional and structural system via cross-scale analysis. To optimize the resilience from four functional dimensions of the GPS, to guarantee the regional food security system, to protect the livelihood of smallholders, to stabilize the urban-rural transformation, and to maintain a sustainable eco-environment, we built a cross spatial-temporal scales frame structure from a smallholder and local scale, as well as national and regional, and transnational and global scales. Based on an analysis of spatial heterogeneity and connectivity of internal and external disturbance factors (which influence the spatial resilience of the GPS), the spatial resilience of the GPS was constructed under the cross-scale interaction of disturbance factors. To guarantee the basic function of the GPS as the criterion, the spatial resilience optimization strategy has been discussed with cross-scale effect and under the coordination mechanism of multi-agent stakeholders.
This study provides a preliminary effort to optimize the spatial resilience of the GPS from different hierarchies, especially from the cross-scale influence of disturbance factors of the GPS. However, in light of the complex operating mechanism, we can only provide preliminary conclusions. The social organization and management system of the GPS for spatial resilience include an improving degree of socialization, effective participation of social capital, increasing the social learning ability, and improving community resilience, and will be our research focus in the future. With the global and Anthropocene vision [107] , this will become an important opportunity for the transformation of the GPS by strengthening the study of climate change adaptation and resilience change toward a social-ecological system [118] .
